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À1
), while one sample records a composition of 1.3 ± 0.7, indicating the magmas were generated from a reservoir with a time averaged, near chondritic Lu/Hf. The derivation of TTG magmas from a chondritic Lu/Hf source implies either that there was not voluminous continental crustal growth nor major mantle differentiation leading to Lu/Hf fractionation during the Hadean or Eoarchaean, or alternatively that rapid recycling of an early formed crust allowed the early mantle to maintain a chondritic Lu/Hf. Previous studies have demonstrated that ancient TTG rocks were mostly produced by dehydration melting of mafic rocks within the stability field of garnet, probably in flatly-subducted or buried oceanic crust. The oxygen isotopic signatures measured here at high spatial resolution allow the source materials to be better defined. Melting of a mixed mafic source consisting of $80% unaltered gabbro (d 18 O WR = 5.5&) with $20% hydrothermally altered gabbro/basalt (d 18 O WR = 4.0&) would produce tonalite magmas within the average compositional range observed.
18 O-enriched components such as altered shallow basaltic oceanic crust and pelagic or continental sediments were not present in the sources of these TTG melts. The absence 
INTRODUCTION
Archaean tonalite-trondhjemite-granodiorite (TTG) granitoids (Jahn et al., 1981) comprise $90% of the juvenile continental crust generated between 4.0 and 2.5 Ga (Martin et al., 1983) . It is now widely accepted that the silica and sodium rich, heavy rare earth element (HREE) depleted tonalitic magmas of TTG suites were generated by partial melting of a hydrated, low-K basaltic crust at pressures sufficient to stabilize garnet, i.e. transformed to eclogite or garnet amphibolite (e.g. Barker and Arth, 1976; Martin, 1986 Martin, , 1987 Drummond and Defant, 1990; Rapp et al., 1991; Rapp and Watson, 1995; Rapp et al., 2003; Martin et al., 2005) . Condie (1981) applied the concept of modern plate tectonics in proposing that the basaltic source of these ancient magmas was subducted oceanic crust. Contrasting mechanisms for the formation of TTG-like magmas have also been suggested, for example partially melting of the basal section of a magmatically thickened, mafic arc-crust (Atherton and Petford, 1993) or partial melting of a delaminated mafic lower-crustal underplate outside an arc setting (Xu et al., 2002) . Both scenarios are complicated by the need to identify mechanisms to hydrate the basaltic crust, prior to partial melting within the stability field of garnet. Regardless, most models for the genesis of TTG magmas contrast with those for producing the most common types of magmas in modern arcs (e.g. Kamber et al., 2002) , where hydrous fluxing off a subducting slab provides fluids for melting in the overlying mantle wedge (Gill, 1981) . Archaean TTG magmas, however, have some affinity to modern adakites, a less common variety of modern arc magmas. It has been suggested that these magmas are produced by melting hot oceanic crust transformed to garnet amphibolite or eclogite during shallow subduction (Kay, 1978; Martin, 1986; Defant and Drummond, 1990; Martin, 1999) .
In order to better constrain the petrogenetic processes operating during the formation of early continents as represented by Eoarchaean tonalitic magmas, we have undertaken U-Pb, O (SHRIMP) and Hf (LA-MC-ICPMS) in situ isotopic analysis of well characterized zircon from four well-preserved 3.88-3.69 Ga tonalites and two 3.8 Ga felsic volcanic rocks, and olivine from one sample of >3.8 Ga mantle harzburgite/dunite from the Itsaq Gneiss Complex (IGC), southern West Greenland . These rocks have undergone either amphibolite or granulite facies metamorphism (e.g. Griffin et al., 1980; Friend and Nutman, 2005) and are therefore mostly recrystallised since their igneous emplacement, except for relict oscillatory-zoned domains within zircon and rare relict olivine such as in the one ultramafic sample studied here . Combining imaging with high spatial resolution analytical techniques, we have tried to analyse the best-preserved domains within these relict igneous zircon and mantle olivine crystals in order to determine the isotopic composition of the magmas from which the ancient TTG rocks crystallised.
If shallow crustal-level contaminants, with their distinctly non mantle-like 18 O/ 16 O ratios were present in the source region of Eoarchaean tonalite magmas at >1000°C and >20 kbar (Rapp and Watson, 1995; Moyen and Stevens, 2006) , it would imply recycling of crustal materials back into the mantle during Eoarchaean convergent plate-boundary magmatism. This would have important implications for early geodynamics, the distribution of heat-producing elements and several geochemical cycles. Using high spatial resolution U-Pb, O and Hf isotopic analysis of igneous zircon from Eoarchaean tonalites we have tested whether such recycling occurred, placed firmer constraints on the petrogenesis of Eoarchaean felsic magmas, and thereby have increased our understanding of the broad processes that operated early in the history of the Earth.
ZIRCON AS A GEOCHEMICAL TOOL TO UNRAVEL ANCIENT PROCESSES
Zircon is an ideal phase for Hf isotopic tracing in ancient rocks (Kinny and Maas, 2003) . Typically zircon contains tens of ppm of Lu but $1% Hf. It is thereby the major host for Hf in granitoids (Hoskin and Schaltegger, 2003) . Most importantly, very low Lu/Hf ratios result in small corrections for the in-growth of radiogenic 176 Hf from 176 Lu decay, and Hf is generally immobile unless the zircon is completely destroyed (Pettingill and Patchett, 1981) . Consequently, Hf in zircon can be used as a robust isotopic tracer to track terrestrial crustal growth and mantle evolution .
The initially uniform, chondritic Lu/Hf of the Earth has become progressively modified by silicate differentiation over time, with Hf-enriched crustal reservoirs (Lu/Hf < chondrites) . Extraction of continental crust has subsequently resulted in the formation of a complementary mantle reservoir that is depleted in hafnium (Lu/Hf > chondrites), leading to a modern depleted mantle e Hf of ca. +16 (e.g. Chauvel and Blichert-Toft, 2001 ). The time-corrected 176 Hf/ 177 Hf composition of an igneous zircon (established using its U-Pb age) can be used to distinguish between derivation of the host magma from an undifferentiated chondritic reservoir (CHUR) in terms of Lu/Hf, a depleted mantle reservoir that has experienced previous crustal extraction, a reservoir consisting of older crustal components, or some mixture of these (e.g. Amelin et al., 1999 Amelin et al., , 2000 .
Oxygen isotope ratios in pristine igneous zircon are sensitive indicators of magma contamination by lithologies that have been subject to water-rock interaction (Valley, 2003) . Crustal materials that have been subject to low-temperature or moderate-temperature (0-100°C) water interaction, such as weathered continental crust, oceanic sediments, or altered shallow oceanic crust, carry a distinctly 18 O-enriched signature (Kolodny and Epstein, 1976; Alt et al., 1986) . In contrast, 18 O-depleted signatures result from high-temperature (>100°C) or very-low-temperature (<0°C) water interaction, and occur in materials such as hydrothermally altered deep oceanic crust, or rocks altered by cold meteoric water (Gregory and Taylor, 1981; Criss and Taylor, 1986 O ratios from that of mantle-derived melts, or magmas equilibrated at similar temperatures (Eiler, 2001; Valley et al., 2005) .
Taken together, the Hf and O isotopic signatures of precisely dated zoned zircon can reveal both source environments and near surface fluid history of magma protoliths (e.g. Kemp et al., 2007; Bolhar et al., 2008) . Not only do they provide critical new evidence for the origin of TTG magmas, the integrated application of these relatively new in situ techniques to zircon extracted from previously well studied Eoarchaean rocks also allows for examination of the behavior of each isotope system within the zircon population over extensive crustal residence times (>3.7 Ga) and can be used to reveal the post-crystallisation history of overprinting metamorphic events and migmatisation. The range of U-Pb, O and Hf isotopic compositions for multiple zircon grains derived from a single rock is also of relevance when interpreting the significance of complex variations present in detrital zircon populations (e.g. Amelin et al., 1999; Harrison et al., 2005; Kemp et al., 2006) .
SAMPLES AND THEIR GEOLOGICAL SETTING
The Itsaq Gneiss Complex (IGC)
The zircon and olivine samples examined for this study were extracted from meta-tonalites, felsic meta-volcanic rocks and one ultramafic rock of the IGC (Nutman et al., , 2007a , southern West Greenland. The complex extends over $3000 km 2 in the Nuuk region, and offers rare examples of well-preserved Eoarchaean rocks from granitic to ultramafic composition that provide direct information on early Earth processes (e.g. Nutman et al., 1999; Whitehouse et al., 1999; Bennett et al., 2002; Polat et al., 2002; Whitehouse and Kamber, 2002; Polat and Hofmann, 2003; Frei and Polat, 2007; Bennett et al. 2007 ). The IGC is dominated by quartzo-feldspathic rocks (largely TTG tonalites) that were intruded into ultramafic, mafic and sedimentary rocks during several periods of igneous activity between $3.88 and 3.62 Ga (Nutman et al., 1999 (Nutman et al., , 2000 (Nutman et al., , 2007b .
The IGC has been severely overprinted by a complex and protracted series of orogenic events with associated amphibolite to granulite facies metamorphism. Eoarchaean events included in situ partial melting of the tonalites in the south of the complex, the generation of crustally derived granites (sensu stricto), and the tectonic intercalation of unrelated rocks along major mylonites reflecting crustal shortening at convergent plate margins Nutman et al., 2002; Friend and Nutman, 2005; Nutman et al., 2007a) . Consequently, primary igneous textures and intrusive relationships were mostly obliterated during heterogeneous ductile deformation and replaced by tectonic fabrics and amphibolite facies mineral assemblages (Nutman et al., 2000) . Subsequent events include the intrusion of Mesoarchaean dolerite dikes (McGregor, 1973) and polyphase regional ductile deformation during and following terrane amalgamation in the Neoarchaean (Friend et al., 1987; Nutman and Friend, 2007) . Fortuitously, extremely rare, low strain domains survive locally in the amphibolite facies Eoarchaean orthogneisses where metamorphic grade failed to reach migmitisation and overprinting deformation is minimal (Nutman et al., 1999 (Nutman et al., , 2000 (Nutman et al., , 2007b . These are mostly in the northern part of the complex, near the Isua supracrustal belt. At such localities rare single-phase tonalite and rarer ultramafic rocks can be sampled that are devoid of partial melt (G01/113, G97/18, 248228, G93/42), or contain only small amounts of such material (G01/36), and volcanic rocks can be collected where the amount of alteration products can still be observed (248202, 248203) . This sampling method allows for the most definitive geochronological and geochemical characterization of the rock protoliths, essential for the clearest interpretation of petrogenetic processes operating during the formation of the Eoarchaean crust (Nutman et al., 1999; Bennett et al., 2002; Friend et al., 2002; Polat and Hofmann, 2003 ; this study).
Tonalite samples G01/36, G01/113, G97/18 and 248228
The four meta-tonalite samples analysed in this study have geochemical characteristics typical of Archaean TTG suites. They are metaluminous, rich in SiO 2 and Al 2 O 3 , yet poor in MgO and K 2 O. They show LREE enrichment, HREE depletion, small positive Eu anomalies and high Sr/ Y. Major and trace element data are presented in Nutman et al. (1996 Nutman et al. ( , 1999 Nutman et al. ( , 2007b . Bulk compositions can be explained by 30-40% melting of a hydrated mafic source under pressures sufficient for stabilization of residual garnet, clinopyroxene and rutile (eclogite), with variable degrees of plagioclase fractionation superimposed during emplacement (Nutman et al., 1999) .
The Eoarchaean IGC tonalites have low initial 87 Sr/ 86 Sr (e.g. Moorbath et al., 1972) , positive initial e 143Nd (e.g. Bennett et al., 1993) , and positive 142 Nd anomalies relative to modern rocks due to the early decay of now-extinct 146 Sm (Caro et al., 2003 (Caro et al., , 2006 Bennett et al., 2007) . These signatures indicate genesis of the tonalites as additions of juvenile crust, with no evidence for major incorporation of much older pre-existing crustal components. The first oxygen isotopic investigation of IGC rocks was made by Baadsgaard et al. (1986) , who presented a mean whole rock d
18 O WR of 7.6 ± 0.3& for 15 fresh $3.7 Ga grey (tonalitic) gneisses from the Isukasia area. Cates and Mojzsis (2006) reported whole rock (d 18 O WR = 7.4 ± 0.1&) and SIMS zircon (d 18 O Zr = from 6.9& ''core" to 8.5& ''rim") compositions for a single IGC banded tonalitic gneiss sample GR0083 (3617 ± 34 Ma). The 18 O-enriched, concordant, oscillatory zoned zircon overgrowths in this sample were interpreted as metamorphic zircon grown in equilibrium with crustal fluids (Cates and Mojzsis, 2006) .
Igneous zircon populations from the tonalites studied here have been well characterized in previous studies (Baadsgaard, 1983; Nutman et al., 1996 Nutman et al., , 1999 Nutman et al., , 2000 Honda et al., 2003; Nutman et al., 2007a,b; Hiess et al., 2008; Nutman and Hiess, 2009 (Friend and Nutman, 2005) . Even less common are rims formed later at $2.72 Ga. In all samples except for G01/36 these modifications to the igneous oscillatory zoned zircon are minimal. Published details relevant to each tonalite sample used in this study are summarized in Electronic Annex EA-1.
Felsic volcanic samples 248202 and 248203
Samples 248202 and 248203, were collected from a unit of felsic schist that crops out throughout the length of the southern, $3.8 Ga section of the Isua supracrustal belt (Fig. 1; 65°05.83 0 N 50°00.00 0 W). This unit commonly shows strong enrichment in K 2 O, with probable leaching of Na 2 O, and locally high carbonate content . Multigrain isotope dilution U-Pb dating of zircon by Baadsgaard et al. (1984) was followed by ion microprobe analyses by Compston et al. (1986) to provide a crystallisation age of 3807 ± 2 Ma. The oscillatory-zoned igneous zircon grains from these rocks commonly have tubular structures (Fig. 2) . Detailed SEM imaging shows that these are voids within the zircon, not inclusions of other minerals. The voids demonstrate that these zircons grew from a melt from which a fluid phase was exsolving. Therefore, the protoliths of these rocks cannot have been deep-seated plutonic rocks, but must have been hypabyssal intrusive or volcanic rocks. These rocks were included in this study to investigate Fig. 1 . Sketch geological map of Nuuk region, southern West Greenland with major lithological units and samples discussed. Adapted after Nutman et al. (2007b) . the possible existence of contrasting O and Hf isotopic compositions in shallower, coeval $3.8 Ga magmatic systems which might be more heavily influenced by incorporation of near-surface altered materials.
Ultramafic Sample G93/42
Dunite and harzburgite occur in ultramafic schist bodies (up to 2 km Â 200 m) that are a very minor ((1%) component of the IGC. These rocks have major element compositions that conform to the mantle differentiation trend, so are interpreted as slivers of variably-depleted upper mantle caught up in the crust during accretion Friend et al., 2002) . In low strain domains these ultramafic enclaves are crosscut by quartzo-feldspathic gneisses that have been dated by SHRIMP U-Pb method at ca. 3.8 Ga providing a minimum age of the ultramafic rocks Friend et al., 2002) . The ultramafic rocks are typically hydrated, carbonated or serpentinised due to regional metamorphic events throughout the Archaean (Dymek et al., 1988) . Some larger bodies, however, contain rare cores that are largely anhydrous, with minimal alteration or hydrous phases, providing the best targets for investigations of early mantle geochemistry (e.g. Bennett et al. 2002; Friend et al. 2002; this study) . The olivine from sample G93/42 used in this study is sourced from a rare, least-altered, massive harzburgite/dunite body that is enclosed within TTG gneisses south of Isua ( Fig. 1; 65°00 .58 0 N 50°12.42 0 W). Harzburgite-dunite sample G93/42 is dominated by medium to fine grained, unzoned magnesian olivine (Mg# = 89.4) with abundant 120°grain boundary junctions. Other phases include magnesian orthopyroxene (En 89 ), green or brown Al and Cr rich spinel (Cr# = 18.2) and rare clinopyroxene or hydrous phases . Representative petrographic images of G93/42 are located in Electronic Annex EA-2.
Mineral and whole rock major and REE compositions indicate that these rocks resemble low pressure (<15 kbar) mantle restite, following small degrees (<10%) of melt extraction . Such compositions are typical of modern abyssal spinel bearing peridotites, making such samples the least altered direct sample of the Eoarchaean upper mantle yet identified Friend et al., 2002) . On the basis of a range of geochemical criteria, including primitive 187 Os/ 188 Os compositions from olivine and spinel separates , G93/42 was identified by Hf analysis performed on larger, 47 lm diameter circular spots from essentially the same crystal growth domain.
In situ U-Pb, O and Hf isotopic compositions of zircon from Eoarchaean rocks, West Greenland Rollinson (2007) as one of only two samples worldwide (both collected from the same locality) that fit his most stringent criteria for identifying Eoarchaean mantle samples. . The field for Archaean and Hadean ''supracrustal zircon" (d 18 O = 6.5-7.5&) reflects the composition of zircon from igneous protoliths whose source materials were altered by low temperature interaction with liquid water near Earth's surface (Cavosie et al., 2005a) . Error estimates for CHUR compositions are from Bouvier et al (2008) .
RESULTS
Analytical
G01/36
The zircon grains from sample G01/36 are typically large (200-400 lm in length), prismatic or slightly oval in habit and display fine-scale oscillatory zoning occasionally cut by domains of recrystallisation (Electronic Annex EA-8). Fifty-four U-Pb spot analyses on 35 grains provided 207 Pb/ 206 Pb crystallisation ages ranging from 3914 to 3617 Ma with a mean of 3880 ± 8 Ma (1r) from the 21 spots >3850 Ma (Fig. 6A ). Th/U was typically moderate averaging 0.48, with five analyses made on oscillatory zoned domains <0.30 (G01/36R-1. 1, 8.3, 12.1, 17.1, 22.2) . Two analyses on apparently recrystallised cores (G01/ 36R-16.3, 22.1) were indistinguishable in age and Th/U from that clearly of igneous origin. d
18 O from 31 analyses ranged from 4.1& to 6.2&, with a weighted mean from 18 spots of 5.1 ± 0.4& (95% c.l., MSWD = 2.3, Fig. 6B ). Four d
18
O analyses of oscillatory zoned zircon with ages <3800 Ma (G01/36-2.1, 6.1, 7.1, 10.1) recorded compositions from 5.1& to 6.1&, consistent with spots dated at >3800 Ma. e Hf(T) from 50 analyses ranged from 1.9 to À4.5, with a weighted mean from 19 spots of 0.5 ± 0.5 (95% c.l., MSWD = 0.6, Fig. 6C ). A population of 39 analyses form a well defined e Hf(T) À 207 Pb/ 206 Pb array starting from 0.5e Hf(T) units at 3882 Ma to approximately e Hf(T) = À4.5 at $3720 Ma (G01/36-2.1, 7.1), equivalent to a 176 Lu/ 177 Hf ratio of 0.007 (Fig. 6C) . The other 15 analyses plot between this array and CHUR.
Given the large size of zircons in this sample, their extensive oscillatory domains and complex age structure, multiple analyses were performed on several grains to look for systematic trends in chemistry through their growth from core to rim. 18 O and e Hf(T) from grains core to rim were observed, however, such shifts were typically within analytical uncertainties.
G01/113
Sample G01/113 zircons are typically 100-200 lm in length, prismatic to oval in habit and with fine-scale oscillatory zoning (Fig. 5A) . Seventeen 207 Pb/ 206 Pb crystallisation ages on oscillatory zoned domains range from 3915 to 3674 Ma, with a mean of 3849 ± 14 Ma (1r, Fig. 6D ) and an average Th/U ratio of 0.48. Nine analyses of d
18 O on oscillatory zoned zircon span a range of compositions from 4.2& (G01/113-2.1; Fig. 5A ) to 6.3& (G01/113-13.1; Fig. 5A ) with a mean of 4.9 ± 0.7& (1r, Fig. 6E ). e Hf(T) analyses (n = 13) ranged from 2.4 to À2.7 forming a well defined array from the weighted mean of e Hf(T) 1.3 ± 0.7 (95% c.l., MSWD = 0.4) at 3849 Ma, to À2.7e Hf(T) = at $3.67 Ga (oscillatory zoned G01/113-3.2; (Fig. 5A) ), equivalent to a 176 Lu/ 177 Hf ratio of 0.009 (Fig. 6F ). The analysis of recrystallised domain G01/113-12.1 (Fig. 5A ) records a younger 207 Pb/ 206 Pb age of 3727 ± 3 Ma and initial e Hf of À0.8 ± 1.2 units.
G97/18
G97/18 zircons are 150-300 lm in length, prismatic and with fine-scale oscillatory zoning with minor recrystallisation (Fig. 5B) .
207 Pb/ 206 Pb ages (n = 16) on oscillatory zoned domains ranged from 3850 to 3661 Ma, with an average Th/U ratio of 0.45 and a mean 207 Pb/ 206 Pb age from 13 analyses of 3816 ± 7 Ma (1r, Fig. 6G ). Compositions from 12 d 18 O analyses ranged from 4.3& to 5.6& with a weighted mean of 5.0 ± 0.2& (95% c.l., MSWD = 0.6, (Fig. 6H) ). Initial e Hf (n = 15) ranged from 0.7 to À2.7 with a weighted mean from 12 analyses of -0.1 ± 0.6 (95% c.l., MSWD = 0.3), again defining a tight linear array starting from the chondritic reference line and with an implied 176 Lu/ 177 Hf ratio of 0.012 (Fig. 6I ). Three analyses of oscillatory zoned spots with ages <3.80 Ga (e.g. G97/18-2.1, 4.1; (Fig. 5B) ) recorded d
18 O within the range of analyses made on oscillatory zoned zircon older than 3.80 Ga, but more negative e Hf(T) compositions from À1.2 to À1.6 epsilon units.
248228
Zircons from sample 248228 are 100-300 lm in length with prismatic to oval habit. Zircon with oscillatory zoning is cut in places by domains of recrystallisation. Grain descriptions: Habit: p, prismatic; ov, oval; eq, equant; an, anhedral. 3.9& to 5.4&, with a mean of 4.9 ± 0.5& (1r, Fig. 6K ). e Hf(T) values (n = 11) cluster at 0.7 to À0.7 epsilon units with a weighted mean of 0.0 ± 0.7 (95% c.l., MSWD = 0.2, Fig. 6L ).
Felsic volcanic samples 248202 and 248203
Grains from 248202 and 248203 are small (typically <100 lm in length), prismatic, oval or equant in habit, with fine-scale oscillatory zoning cut by recrystallised domains. 207 Pb/ 206 Pb ages (n = 23) from the two samples range from 3811 to 3738 Ma, with an average Th/U of 0.49 and weighted means of 3805 ± 2 and 3803 ± 3 Ma (MSWD = 0.7 and 1.5, respectively, Fig. 6M and P) . A total of 28 d
18 O analyses range from 4.2& to 5.5&, with indistinguishable weighted means of 5.0 ± 0.2& (MSWD = 0.9, Fig. 6N ) and 4.9 ± 0.2& (MSWD = 0.6, Fig. 6Q ). Initial e Hf values (n = 32) clustered tightly from 2.5 to À1.9 with weighted means of 0.5 ± 0.6 (MSWD = 0.5, Fig. 6O ) and À0.1 ± 0.7 (MSWD = 0.2, Fig. 6R ).
G93/42
Eight d (Eiler et al., 1997b) .
A previous isotopic study of IGC ultramafic bodies south of the Isua supracrustal belt by Lowry et al. (2003) Mattey et al., 1994) or ocean island basalt olivine (5.21 ± 0.08&, Eiler et al., 1995 In situ U-Pb, O and Hf isotopic compositions of zircon from Eoarchaean rocks, West Greenland
DISCUSSION
Considerations in Hf isotopic analysis
Previous 176 Hf studies on Eoarchaean and Hadean zircon have covered samples sourced from ancient terranes on several continents and employed several different analytical techniques, evolving from bulk zircon analysis by ID-TIMS (Patchett and Tatsumoto, 1980a) , to single grain methods using ID-ICPMS (Blichert-Toft et al., 1997) to sub-grain methods using laser ablation MC-ICPMS (Harrison et al., 2005; Iizuka and Hirata, 2005) , that can be combined with in situ U-Pb dating obtained by using large ion probes. Lu-Hf isotopic studies of Archaean and Hadean zircon include detrital grains of the Jack Hills meta-conglomerate from the Narryer Terrane, Yilgarn Craton, Western Australia (Amelin et al., 1999; Harrison et al., 2005 Harrison et al., , 2008 Blichert-Toft and Albarède, 2008) , the Acasta Gneiss Complex, Western Slave Province, Northwest Territories, Canada (Amelin et al., 1999 (Amelin et al., , 2000 , the Napier Complex, Enderby Land, East Antarctic Craton (Choi et al., 2006) , Barberton Mountain Land, Kaapvaal Craton, South Africa (Amelin et al., 2000) , the Eastern Pilbara Terrane, Pilbara Craton, Western Australia (Amelin et al., 2000) , and the Itsaq Gneiss Complex, as studied here (Pettingill and Patchett, 1981; Vervoort and Blichert-Toft, 1999; Amelin et al., 2000; Kemp et al., 2009) .
We have adopted the CHUR reference parameters of Bouvier et al. (2008) . In contrast to uncertainties in CHUR estimates, which have little affect on calculated initial e Hf for Eoarchaean and Hadean rocks, a generally accepted recent revision of the k 176 Lu decay constant has required Pb crystallisation ages, % discordance, Th/U ratios, d
18 O and e Hf(T) compositions. Scale bars are 100 lm.
significant re-interpretation of Hf data from ancient rocks (Bennett, 2003 Sguigna et al., 1982) and meteorite isochrons (e.g. Patchett and Tatsumoto, 1980b; Bizzarro et al., 2003) . However, new work on ancient terrestrial, high Lu/Hf minerals and rocks dated by U-Pb and Lu-Hf methods suggest a mean k 176 Lu of 1.867 ± 13 Â 10 À11 yr À1 , revealing a $4% dichotomy between meteorite and terrestrial datasets (Scherer et al., 2001; Sö derlund et al., 2004) . The new values derived from terrestrial samples have been supported by Lu-Hf and U-Pb isochrons from phosphate minerals contained within two largely unaltered and rapidly cooled meteorites, providing k 176 Lu of 1.864 and 1.832 Â 10 À11 yr À1 (Amelin, 2005) . As with other recent Hf isotopic studies, we have adopted the k 176 Lu decay constant of Scherer et al. (2001) and Sö derlund et al. (2004) . The 4% change in decay constant has a progressive effect on the calculated initial e Hf with increasing age, which results in large effects on low Lu/Hf rocks and minerals older than 3.6 Ga, such as the zircon analysed here. Use of the higher 176 Lu decay constant would result in an apparent increase in initial e Hf of 3-4 units, such that the IGC samples (with the exception of G01/113) would have e Hf(t) = +3 to +4 and appear to be from a depleted mantle source with long-term high Lu/Hf, rather than from a mantle with chondritic Lu/Hf.
Insights to TTG petrogenesis from Greenland zircon e Hf(T)
Zircon grains from samples G01/113, G97/18 and 248228 experienced only minor late recrystallisation, and their host rocks do not contain melt segregations or veins (Nutman et al., 1999 (Nutman et al., , 2000 (Nutman et al., , 2007b . e Hf(T) data from the igneous population in these samples plot as simple clusters representing the rock's crystallisation age with near chondritic initial 176 Hf/ 177 Hf compositions (Fig. 6F, I , and L). Samples G01/113 and G97/18 additionally record late minor recrystallisation or lead loss events, with more negative initial e Hf values that track single linear arrays away from the main population. In contrast, sample G01/36 has evidence of melt segregation through the tonalite matrix in the form of fine-scale veining. This coincides with younger, locally pronounced recrystallisation and overgrowth of the protolith magmatic zircon, noted from CL-guided in situ U-Pb dating (Nutman et al., 2007a; Electronic Annex EA-8) . This lithological complexity appears to be reflected in the heterogeneity of the Hf isotopic data for G01/36. This may reflect the growth of new zircon during later thermal events, incorporating a mixture of Hf components from within the rock matrix as well as extraneous sources from outside the rock system, introduced by fluids or melts that may be isotopically diverse. Consequently, the different field geological and zircon CL petrography characteristics for samples G01/36 versus samples G01/113, G97/ 18 and 248228 are reflected in their contrasting zircon Hf isotopic systematics.
The slope of each zircon array from samples G01/36, G01/113 and G97/18 define 176 Lu/ 177 Hf ratios of 0.007, 0.009 and 0.012, respectively (Fig. 6C, F and I ). Such ratios are typically interpreted to reflect the 176 Lu/ 177 Hf of the melt source reservoir that the zircons crystallised from (e.g. Griffin et al., 2004; Kemp et al., 2006) , and are actually similar to that of modern mature continental crust (0.013-0.014; Taylor and McLennan, 1995) and Precambrian granitoids (0.009; . For these tonalites, however, 176 Lu/ 177 Hf ratios of the bulk rock have been independently determined by measuring the trace element concentrations of powdered whole rock samples (Nutman et al., 1999 (Nutman et al., , 2007b yielding lower values of $0.0017, consistent with those typical of HREE depleted TTG magmas (Vervoort and Blichert-Toft, 1999; Blichert-Toft and Albarède, 2008) . Additionally, the 176 Lu/ 177 Hf ratios of zircon from these samples ($0.0005) were measured during LA-MC-ICPMS analysis (Electronic Annex EA-7). These arrays have been interpreted as the products of recrystallisation and subtle Pb-loss, where initial e Hf values are calculated with younger ages. While Hf was incorporated into the grain during igneous crystallisation, the U-Pb ages were partially reset during subsequent thermal events, resulting in progressively negative calculations of e Hf at this given age (e.g. Kemp et al., 2009) .
With the exception of sample G01/113 at 1.3 ± 0.7e Hf(T) units, weighted mean initial e Hf values for the zircons for each tonalite and felsic volcanic sample range from 0.5 ± 0.6 to À0.1 ± 0.7 e Hf units, all plotting within error of the CHUR reference line (Fig. 6C, F, I , L, O and R). This requires that the ultimate upper mantle source of these magmas had a time-averaged chondritic Lu/Hf ratio. The interpretation that this is a mantle source feature, rather than an artifact of an intermediate stage of evolution in a high Lu/Hf crustal environment (e.g. Kemp et al. 2009 ) is based on the complete lack of geochemical evidence for older crustal components in these rocks, and the assumption that these tonalitic magmas did not form directly from the mantle but required an intermediate mafic stage (Barker and Arth, 1976; Martin, 1986; Drummond and Defant, 1990) . The timescale of this intermediate stage is poorly constrained by Nd and Hf isotopic data as most mafic magmas, such as those that produce oceanic crust, have Lu/Hf and Sm/Nd ratios similar to that of their upper mantle sources. Thus substantial differences in the Hf and Nd isotopic compositions of oceanic crust as compared to their upper mantle source may not be generated on tens to hundreds of million year time scales, because such mafic rocks do not rapidly evolve away from chondritic e Hf(T) . Although it would be possible to produce magmas of apparent chondritic composition by the fortuitous mixing of melts derived from both depleted mantle (high e Hf(T) ) and ancient enriched crustal reservoirs (low e Hf(T) ) this would probably result in a broad range of positive to negative initial e Hf , in contrast to the consistently chondritic compositions observed in the tonalites produced over a 180 million year period.
Additionally, the source of the tonalites must not only have had a chondritic 176 Lu/ 177 Hf ratio from 4.56 to 3.88 Ga (the age of the oldest tonalite) but must also have retained this chondritic composition for at least the next O and e Hf(T) values for the igneous populations of each sample are represented as white squares. Fields for mantle zircon, Archaean-Hadean ''supracrustal zircon" and CHUR from Valley et al. (1998) , Cavosie et al. (2005a) and Bouvier et al. (2008) .
Fig. 6 (continued )
In situ U-Pb, O and Hf isotopic compositions of zircon from Eoarchaean rocks, West Greenland 4503 180 million years, as the signature is recorded by samples ranging in age from 3.88 to 3.69 Ga. This observation, based on Lu-Hf data from Archaean zircons, implies that there was not a voluminous continent-forming, or mantle differentiation episode leading to Lu/Hf fractionation at $3.9 Ga, associated, for example, with a period of heavy meteorite bombardment such as the postulated coeval lunar ''terminal cataclysm" (Tera et al., 1974; Ryder, 2002) . The MORB source mantle today has a high Lu/Hf ratio (=0.369) largely resulting from the extraction of low Lu/ Hf continental crust (e.g. Workman and Hert, 2005) . If the upper mantle source of the IGC tonalites became similarly depleted at 3.9 Ga, then by 3.7 Ga it would have evolved to e Hf(T) = +2. Values this positive are not seen in the Hf data presented here. This evidence for a chondritic Lu/Hf isotopic composition in the source of Archaean continents is in contrast to previous interpretation from Hf isotopic studies of the IGC Vervoort and Blichert-Toft, 1999; Amelin et al., 2000) , which suggested that these rocks were Valley et al. (1998) and Archaean-Hadean ''supracrustal zircon" from Cavosie et al. (2005a) . Data sourced from: (1) Amelin et al. (1999) , (2) Harrison et al. (2005) , (3) Harrison et al. (2008) , (4) Blichert-Toft and Albarède (2008), (5) Choi et al. (2006) , (6) Amelin et al. (2000) , (7) Peck et al. (2001) , (8) Cavosie et al. (2005) , (9) Trail et al. (2007) , (10) Valley et al. (2005) , (11) King (2001) , (12) King et al. (1998) , and (13) King et al. (2000) . derived from melting of a depleted upper mantle reservoir that had a long-term, high 176 Lu/ 177 Hf ratio. While datasets from this and previous studies yield similar results when the data are recalculated using the same CHUR parameters and 176 Lu decay constants, this reinterpretation mainly reflects recent revision to the 176 Lu decay constant used in e Hf(T) calculations, and also the improvement of analytical methods facilitating combined U-Pb and Lu/Hf analysis on portions of single zircon grains. In order to examine the broader context of these and previous results on Eoarchaean and Hadean zircon, Fig. 8A compiles published single-grain e Hf(T) analyses, recalculated with CHUR parameters from Bouvier et al. (2008) and k 176 Lu of 1.867 Â 10 À11 yr À1 from Scherer et al. (2001) and Sö derlund et al. (2004) .
Recent studies on the Jack Hills zircon initially reported both highly positive and negative e Hf(T) values (Harrison et al., 2005; Blichert-Toft and Albarède, 2008) suggesting that the Hadean mantle experienced an early and widespread differentiation. However, a follow-up study then failed to detect further positive results (Harrison et al., 2008) , suggesting consistency with the earlier interpretation of Amelin et al. (1999) that the Hadean zircons formed by the remelting of older crustal components. A similar petrogenesis is envisaged for zircon from the Acasta Gneiss Complex (Amelin et al., 1999 (Amelin et al., , 2000 . Distinct positive e Hf(T) values were measured during single-grain solution analyses of Gage Ridge zircon from the Napier Complex, Antarctica (Choi et al., 2006) . However, the grains analysed were highly discordant and have complex age structures, potentially complicating this information. In contrast, samples from other Eoarchaean areas including the Itsaq Gneiss Complex, Barberton and Pilbara (Amelin et al., 2000) are dominated by near-chondritic compositions in the oldest grains from each suite. All datasets trend towards dominant proportions of negative e Hf(T) values in younger analyses, indicating an important shift to processes of crustal remelting and differentiation in the evolution of each complex.
The oxygen isotopic composition of Eoarchaean mantle, sedimentary and oceanic reservoirs
To investigate the significance of d 18 O signatures of Eoarchaean granitoids, it is necessary to consider the d 18 O compositions of components that may have contributed to their formation. Various lines of evidence support the concept that the Earth's mantle has not experienced a secular evolution of d 18 O. These include oxygen mass balance calculations for the growth and evolution of the continental crust (Valley et al., 2005) , which demonstrate that the Earth's oxygen budget is overwhelmingly held by the mantle. Also direct d
18 O measurements of Archaean materials including 2.7 Ga zircon from Superior Province TTG magmas (King et al., 1998) , 3.2 Ga olivine inclusions contained within syngenetic diamonds (Mattey et al., 1994) and $3.8 Ga olivine from an unlayered dunite (Lowery et al., 2003) all pointing to the consistency of mantle compositions over time.
The new olivine data from sample G93/42, taken to represent the best estimate of a variably depleted $3.8 Ga upper mantle composition, are broadly consistent with these results (Fig. 7) . This further demonstrates that the ultimate mantle source of Eoarchaean tonalites was not significantly different from that of the present day. While modern mantle peridotite and ocean island basalt olivine record d
18 O Ol compositions from 5.0& to 5.4& (Mattey et al., 1994; Eiler et al., 1995) , G93/42 olivine (d 18 O Ol range = 5.4-6.6&, weighted mean = 6.0 ± 0.4&) covers a similar range of compositions to that of EM2 lavas (d 18 O Ol = 5.4-6.1&; Eiler et al., 1997b) and may indicate that the Eoarchaean upper mantle was variably re-enriched in 18 O during magmatism from a minor contribution of recycled sediment, or by metasomatism from sediment derived fluids or melts. Alternatively the composition of G93/42 olivine may reflect minor alteration in response to tectonothermal events later during the Archaean.
Despite the fragmentation of Earth's sedimentary rock record, particularly through the Archaean, it is possible to resolve that the relative proportion of different types of sedimentary rocks have changed through time (Veizer and Mackenzie, 2003 18 O zircon compositions of up to 7.5& in a minority of detrital grains from the Jack Hills Wilde et al., 2001; Cavosie et al., 2005a; Trail et al., 2007) and the Beartooth Mountains (Valley et al., 2005;  Fig. 8B ).
Secular shifts in the d 18 O of the Earth's oceans have also been debated (Walker and Lohmann, 1989; Wallmann, 2001; Knauth and Lowe, 2003; Kasting et al., 2006) . The oceanic reservoir with a d 18 O of $0& (e.g. Muehlenbachs, 1998 ) is buffered by mid ocean ridge hydrothermal circulation (Gregory and Taylor, 1981) . While small variations on the order of ±1& would have probably occurred in response to continental glaciation over geological time, significant shifts are not consistent with the regularity of d 18 O WR recorded in ophiolite sequences through the geological record (Gregory and Taylor, 1981; Muehlenbachs, 1986 Muehlenbachs, , 1998 .
Insights to Eoarchaean tonalite petrogenesis from d
18 O
The d 18 O compositions of zircon from all samples range from 6.3& to 3.9& and straddle the field for mantle zircon (Fig. 6B, E Fig. 6B and H) . The restricted range of d
18 O Zr observed in the Eoarchaean zircon samples analysed spanning the interval 3.88-3.69 Ga is in accord with a global compilation of d
18 O Zr from 1200 rocks spanning most of Earth's geolog-ical record, with samples from the Hadean and Archaean exhibiting a restricted range of zircon compositions from $4.0& to 7.5& (Valley et al., 2005 ; Fig. 8B ). Specifically, zircon compositions from this study are consistent with those of other Archaean TTG suites from Barberton (King, 2001) , the Superior Province (King et al., 1998 (King et al., , 2000 and the Slave Province (King, 2001) . Significantly, no samples from the IGC plot within the field defined by Archaean and Hadean ''supracrustal zircon" (d 18 O Zr = 6.5-7.5&; Fig. 6 of Cavosie et al., 2005a) . The simplest explanation for this feature of the dataset is that the sources of the tonalitic and felsic volcanic magmas had negligible amounts of supracrustal material that had experienced low-temperature to moderate-temperature water interaction. This suggests that 18 O-enriched pelagic sediments or weathered continental crust were not involved or were insignificant in the production of these Archaean magmas. Similarly, pillow basalt or sheeted dike components from shallow hydrothermally altered oceanic crust with d
18 O WR values from 7& to 15& (Gregory and Taylor, 1981; Alt et al., 1986) were not a significant source. Such values are relevant to the Eoarchaean, as shown by d
18 O WR values of 6.5-9.9& for $3.7 Ga amphibolitised pillow basalts from the Isua supracrustal belt (Furnes et al., 2007) . This new, first-order observation suggests that if oceanic crust was the mafic source of the TTG magmas, a pelagic sediment drape and/or the uppermost section of basaltic crust either dewatered sub-solidus during shallow subduction, or was scraped off the rest of the subducted or buried slab. This has implications for the structure of ancient convergent plate boundaries. If the upper section of the oceanic crust is scraped-off via a decollement along a structural weakness within the relatively warm and young mafic crustal section, it might form a fold and thrust belt near the plate boundary. Weathering and erosion of such rocks would produce mafic pelitic sediments, which could then be found interlayered with intermediate to felsic volcanic rocks derived from arc-like sources. Supporting this, within the Isua supracrustal belt there are prominent units of such rocks interpreted as being derived from weathered mafic rocks Bolhar et al., 2005) that are interlayered with felsic volcanic rocks dated at $3.7 Ga (Nutman et al., , 1997 . Alternative explanations for this feature could be that any 18 O-enriched components that failed to be removed from the down-going slab were not involved during melting by some unknown selection process, that the volume of contaminants was not significant enough to shift the composition of the magma to more positive values, or that 18 Oenriched and 18 O-depleted contaminants were always present in equilibrium proportions such as to average out the mean composition of the mafic crust.
A more precise characterization of each sample's d 18 O Zr value is given by their means and weighted means, which lie in a narrow range from 4.9 ± 0.7& to 5.1 ± 0.4& (Fig. 6B , E, H, K, N and Q). These averages all lie within error, but towards the lower limit of the field defined for zircon derived from the mantle or melts equilibrated at similar temperatures (d 18 O Zr = 5.3 ± 0.3&, Valley et al., 1998) . This suggests that the tonalite and felsic volcanic magmas were largely formed by the melting of an unaltered or weakly hydrated gabbroic source. The average d 18 O WR for such lithologies is 5.5 ± 0.2& (Eiler, 2001) Valley et al. (1994 Valley et al. ( , 2005 . Such a tonalite melt would be solely generated by the partial melting of an unaltered mafic source with $50 wt% (Gregory and Taylor, 1981; Staudigel et al., 1995) Rapp et al., 1991; Rapp and Watson, 1995) that the melted mafic source to the TTG magmas is partially hydrated. The remaining $80% component of the mafic protolith may consist of unaltered gabbros from structurally lower in the oceanic crust, beyond depths of hydrothermal alteration. Low d
18 O pore-water within oceanic crust (d 18 O = from 0& to À3&) can also exist to several hundred meters (Perry et al., 1976) although such fluids are unlikely to be preserved at sufficient temperatures or pressures to be considered a feasible 18 O-depleted component.
Is oceanic crust the source of Eoarchaean TTG melts?
Adakitic magmas are thought to be derived from highdegree slab melts and analogous to the Archaean TTG Martin, 1999) . Bindeman et al. (2005) analysed the oxygen isotopic compositions of olivine phenocrysts from a suite of modern adakite lavas, obtaining calculated d
18 O WR compositions ranging from 6.18& to 7.19& and averaging 6.60&. Such compositions are only marginally higher than that of the primitive mantle and were interpreted to reflect the Si-rich compositions and low liquidus temperatures of the lavas, rather than to con-tamination by 18 O-enriched sources. Calculated mean d
18 O WR for the Greenland tonalite magmas G01/36, G01/ 113, G97/18 and 248228 ranges from 6.7& to 6.9& and lie within the range of modern adakites (Fig. 9) , suggesting a similar origin. Calculated tonalite d
18 O WR compositions from this study are also consistent with those of other Archaean TTG tonalites from the Superior Province (King et al., 1998 (King et al., , 2000 Fig. 9) , while TTG trondhjemites and granodiorites from the same suites record a subtly broader range of compositions. While the appropriateness of associating the petrogenesis of Archaean TTG directly with that of Cenozoic adakites has been challenged (Smithies, 2000) , these data support the observation of Bindeman et al. (2005) that based on the consistency of d
18 O WR compositions, at least some Archaean TTG and modern adakite magmas may be generated by similar mechanisms, from broadly similar sources.
The O and Hf isotopic compositions of zircon from Archaean TTG magmas presented here could plausibly be generated by melting mafic crust in geological settings unrelated to convergent margins. Mid ocean ridge spreading environments record zircon d
18 O compositions in equilibrium with mantle oxygen (Cavosie et al., 2005b ) while a young upwelling asthenosphere could deliver a steady supply of material to the melting region. The limitation to this relatively low-pressure model is that melting would be unlikely to have taken place within the stability field of garnet. The melting of an overthickened oceanic plateau has also been suggested as a suitable scenario (White et al., 1999) , however, accommodating the long-term chondritic Lu/Hf character of the reservoir may be problematic. The melting of an overthickened or floundering mafic underplate may also be considered (Petford and Atherton, 1996; Petford and Gallagher, 2001; Bolhar et al., 2008) . However, mechanisms to hydrate the source material remain complicated. Hence, we favor the interpretation that the mafic protolith to the TTG magmas was shallowly subducted or buried oceanic crust.
Models for flat subduction of Archaean oceanic crust have been previously proposed as mechanisms to induce TTG magmatism (e.g. Smithies and Champion, 2000; Nutman et al., 2007a) . Fig. 10 schematically illustrates an Eoarchaean convergent margin where young, hot, oceanic crust becomes shallowly subducted beneath a more mature arc crust. Imbricate stacking of multiple, oceanic crust layers would be more likely to introduce compositional heterogeneity and become jammed, while flat subduction would be less prone to such complications so is the mechanism and Archaean TTG rocks (King et al., 1998 (King et al., , 2000 . Zircon-melt partition ratios for IGC and TTG magmas from Valley et al. (1994 Valley et al. ( , 2005 . SiO 2 contents taken from Nutman et al. (1999 Nutman et al. ( , 2007b and King et al. (1998 King et al. ( , 2000 . Olivine-melt fractionation for adakites is based on fractionation method one of Bindeman et al. (2005) with 57 wt% SiO 2 . In situ U-Pb, O and Hf isotopic compositions of zircon from Eoarchaean rocks, West Greenlandexplored in this discussion.
18 O-enriched uppermost oceanic crustal sections are scraped off in an accretionary-wedgestyle thrust sequence that with the nearby felsic arc crust provides mixed-provenance sediments to adjacent basins. At the leading edge of an acute mantle wedge, thin slivers of upper mantle are caught up within the telescoping arc sequence. High-temperature altered and unaltered gabbros from deeper in the oceanic crustal section are transported further into the subduction system, converting to garnet amphibolite and eclogite prior to hydrous partial melting to form TTG melts. Magmas may ascend through a short section of metasomatised and depleted mantle before intruding the early continental crust to crystallise as tonalites or erupt as felsic volcanic lavas.
Volcanic samples 248202 and 248203
Because of the mantle-like O and Hf characteristics of the zircon in volcanic samples 248202 and 248203, their petrogenetic origin was probably similar to those of the TTG tonalites. Some of the bulk rock chemical features (e.g. severe Na 2 O depletion and carbonate addition) were imposed by post igneous crystallisation processes to which the generally chemically inert zircons were immune. These zircon signatures suggests felsic igneous protoliths that were altered either shortly after eruption most likely by weathering in the volcanic basin or less likely later during superimposed tectonothermal events, and do not reflect igneous assimilation of altered wall rocks.
CONCLUSIONS
176 Hf/ 177 Hf zircon analyses record initial mean compositions that are largely within error of CHUR estimates, indicating the long-term source of TTG magmas was characterized by chondritic Lu/Hf. Chondritic Lu/Hf sources to TTG melts over a 180 million year period suggest that processes of crustal growth operated incrementally during the Hadean and Eoarchaean. Either there was no formation of extensive continental crust in the early Hadean or continental crust was extensively recycled during the Earth's first billion years.
Olivine d
18
O from a weakly-hydrated mantle-derived $3.8 Ga harzburgite/dunite indicates continuity of the oxygen isotopic composition the Eoarchaean and modern mantle. Zircon from tonalitic and felsic volcanic magmas records mean d
18 O compositions within error of zircon derived from the mantle or melts generated at similar temperatures, with no indication of disturbance to d
18 O during late recrystallisation. Calculated whole rock d
18 O compositions of tonalite melts are identical to those of modern adakites consistent with a similar origin. The mafic source that melted to produce TTG tonalite magmas may have contained up to 20% volumetric component of hydrothermally altered gabbro. Such mafic source rocks are widely found in the lower section of oceanic crustal sections. We postulate that elevated d
18 O contaminants such as shallow oceanic crust and pelagic or continental sediments were scraped off the flatly subducted or buried mafic slab, and not ingested during TTG melting.
ANALYTICAL METHODS
Grain mounting and imaging
Zircon and olivine grains analysed here were taken from mineral separates extracted from rock samples collected for previous studies (see above). An exception was sample 492120, for which a new zircon separate was made specifically for this work. All zircon and olivine crystals were isolated from hand samples by clean crushing, heavy liquid and magnetic separation techniques. Approximately 100 grains from each sample were transferred onto double sided adhesive tape with a fine-tipped needle under a binocular microscope. Zircon was aligned with its c-axis horizontal, but olivine was positioned with random orientations. Zircon and olivine samples were mounted close to their respective reference materials, SL13 zircon, FC1 zircon, Temora-2 zircon and San Carlos olivine that were dispersed over the mount surface.
New generation SHRIMP megamounts were constructed to minimize geometric fractionation during O isotopic analysis (Ickert et al., 2008) . The need for a different mount geometry precluded the use of the existing SHRIMP mounts for these samples and required that new U-Pb analyses be undertaken for each sample in order that the age, O and Hf analyses were all from the same zircon domains. All grains were cast in epoxy and polished with a rotary polisher and 1lm diamond paste to expose crystal mid-sections. Prior to each U-Pb or O analytical session, polished analytical surfaces were sequentially cleaned in an ultrasonic bath with petroleum spirit, ethanol, diluted laboratory detergent, 1 M HCl (1Â quartz distilled), and deionized (18 MX) H 2 O before being dried in a 60°C oven. A 100-120 Å Au or Al conductive layer was then evaporated onto the analytical surface and electronically checked for uniform and adequate conductivity before loading into the instrument. A 100 Å Au coat was used for all U-Pb analyses, and a 120 Å Al coat was used for subsequent O analyses.
Prior to U-Pb analysis, the zircon was imaged with reflected light, transmitted light and SEM cathodoluminesence (CL) spectroscopy. This allowed identification of grain cracks, mineral inclusions and two-dimensional growth and recrystallisation textures to guide spot placement onto least-disturbed, oscillatory zoned, igneous growth domains. Following U-Pb analysis, the zircons were again imaged with reflected light to record the precise location of the $2 lm deep age determination sputtered pits to assist future beam-positioning. Mounts were then lightly re-polished, removing $5 lm of zircon to expose a second 'fresh' surface for O isotopic analysis, free of topography from earlier pits, or extraneous O implanted by the O À 2 primary beam during the earlier U-Pb work (Benninghoven et al., 1987) . Prior to O analysis this second analytical surface was imaged with CL to check for continuity of the zircon oscillatory growth zoning between the first and second surfaces. Following O analysis, the second analytical surface was re-imaged by an SEM in secondary electron mode to ensure that the $2 lm deep, O analytical pits had been placed directly above the pits for age determination, that the profile of the Cs + primary beam had been well focused, and that the O analysis was performed on pristine zircon (Cavosie et al., 2005a) . For Hf isotopic analysis by MC-ICPMS, the laser, which penetrates $50 lm into the zircon, was subsequently centered directly over the pit formed during O analysis and within the same oscillatory growth domain. This method most reliably correlated the zircon O and Hf isotopic composition with a crystallisation age, given the limiting tradeoff between spatial resolution and analytical precision. An example of selected zircon imaging produced for a single grain is illustrated in Fig. 3 . Olivine grains were simply imaged in reflected and transmitted light prior to O isotopic analysis.
U-Pb geochronology with SHRIMP RG
Zircon U-Pb ages were measured using the SHRIMP RG ion microprobe at the Research School of Earth Sciences (RSES), the Australian National University. The methods employed here are in standard use and described in detail by Stern (1998) and Williams (1998) (Steiger and Jäger, 1977) were used to calculate ages. Corrections for common Pb were based on small amounts of measured 204 Pb with isotopic compositions corresponding to a Pb growth model age of 3700 Ma (Stacey and Kramers, 1975) . Analytical uncertainties for individual spots are reported as 1r within-spot errors. From the six samples dated, a total of 142 spots yielded U-Pb ages that were >90% concordant. These areas on each grain were selected for further O and Hf isotopic analysis.
To calculate the igneous age for each sample as a single value, analyses were culled to selectively remove outliers. Outliers were statistically and/or geologically identified as younger U-Pb ages that were products of local recrystallisation or Pb-loss. The population of unrejected analyses from each sample was then pooled to produce crystallisation ages with the Excel TM macro Isoplot (Ludwig, 2003) in either of two ways. (1) In samples 248228, 248202 and 248203, weighted mean ages were calculated as the mean square of weighted deviates (MSWD's) for these samples was <2.5, (2.4, 0.7 and 1.5, respectively). Weighted mean 95% confidence limit uncertainties for each respective sample were calculated from the inverse square of the assigned within-spot errors. (2) In samples G01/36, G01/113 and G97/18 where weighted mean MSWD's were >2.5, mean ages were instead calculated for each sample. Mean 1r uncertainties were calculated from one standard deviation of the population age. All weighted mean or mean 207 Pb/ 206 Pb ages are in agreement with earlier published geochronology on these samples.
Oxygen isotopic analysis with SHRIMP II multicollector
Zircon and olivine oxygen isotopic compositions were determined using the SHRIMP II multi-collector ion microprobe at the RSES over 11 analytical sessions. A session for O isotopic analysis is defined as an uninterrupted period of data collection, with the same standard calibration. Sessions are separated by cold restarts, mount changes, interruptions to operation, or a major retuning of the instrument's primary or secondary beam. Instrumental conditions (Ickert et al., 2008) were typically set with a 3.5 nA, 15 keV Cs + primary beam focused to an elliptical 30 lm (long axis) spot, sampling $2 ng of mineral per analysis. Surface charge was neutralized by a 45°incident, broadly focused, moderate energy (1.1 keV) e À beam, delivering $1 lA of electrons from a Kimball Physics ELG-5 electron gun at a working distance of 20 mm. The electron gun is mounted off the extraction lens housing and floated at primary column potential. The 10 kV secondary extraction yields $320 pA of secondary current, or $4. A 180 s pre-sputter and secondary auto-tuning in z-and y-directions (horizontal and vertical along the beam line for extracted secondary ions) preceded ratio measurements. Data acquisition consisted of one set of 10 scans, each with 10 s integration times, leading to total count times of $100 s and complete analyses within approximately 5 min. Within this time period within-spot precision, based on counting statistics for both samples and reference materials reached near theoretical limits of ±0.3& (1r). Operating conditions were held constant during a single given session.
Each reference material's measured 18 O/ 16 O ratios, drift, within-spot and spot-to-spot precisions are summarized in Electronic Annex EA-3. Over the 11 analytical sessions, sample analyses were calibrated against 140, time integrated, bracketing analyses of reference materials FC1 zircon (co-genetic with AS3 zircon, d
18 O = 5. Baertschi, 1976) in parts per thousand. Instrumental drift in all but two sessions was <0.05& per analysis and corrected for using a linear fit. Electron-induced secondary ion emission (EISIE) was monitored before and after analysis, and found to provide a systematic and insignificantly minor contribution to the total secondary signal (typically <10 6 cps of 16 O at analysis end). Spot-to-spot reproducibility of nominally homogeneous reference materials for a single session ranged from ±1.0& to ±0.3& (1r; Fig. 4A , Electronic Annex EA-3). Spot-to-spot precision was always worse than within-spot precision and was subsequently considered to be the best measure of precision for any given analysis. Analytical accuracy is indicated by the results from Temora-2 functioning as a secondary reference material in sessions 4, 5, 6 and 7. Across all four sessions Temora-2 records a mean d
18 O composition of 8.0 ± 0.6& (1r) which lies within analytical error of the published value of 8.20 ± 0.01& (1r; Valley, 2003; Black et al., 2004) .
Oxygen isotopic compositions for each sample correspond to grains with age determinations. For tonalite and felsic volcanic samples, weighted mean or mean compositions were calculated from the same zircon spots that were used for to provide pooled 207 Pb/ 206 Pb ages. For sample G93/42 all olivine analyses were included. For samples G01/36, G97/18, 248202, 248203 and G93/42 weighted mean calculations were made as MSWD's were all <2.5 (2.3, 0.6, 0.9, 0.6 and 1.4, respectively). Weighted mean 95% confidence limit uncertainties were calculated from the inverse square of the assigned error from each analysis. For samples G01/113 and 248228 where weighted mean MSWD's were >2.5, mean ages were calculated with 1r uncertainties from one standard deviation of the pooled population.
Zircon hafnium abundances with LA-ICPMS
As the amount of oxygen isotope fractionation during ion-microprobe analysis can be matrix dependent (e.g. Peck et al., 2001) , we determined HfO 2 concentrations for three standard zircon reference materials and two selected samples to assess matrix variability. Following the acquisition of 18 O/ 16 O data on SHRIMP II, HfO 2 concentrations were measured using the RSES Aligent 7500 ICPMS equipped with a Lamda Physik LPX 1201 UV ArF eximer laser and Ar-He flushed sample cell (Eggins et al., 1998) . The laser was operated at 22 kV with 120 mJ energy per pulse at 4 Hz. Each acquisition consisted of a 20 s background followed by a 150 s collection period. Blocks of 10 unknowns were bracketed by analyses of NIST 612 glass reference material. Raw counts were converted to concentrations using ''LABRAT 0.93" written for Lab VIEW by A. Kallio. Corrections for mass bias in the samples were made using NIST 612. Zircon HfO 2 abundances were normalized to stoichiometric (32.77 wt%) SiO 2 . Mean HfO 2 concentrations for FC1 (1.2 ± 0.2 wt%, 95% c.l., n = 18), Temora-2 (1.0 ± 0.1 wt%, 95% c.l., n = 9) and 91500 (0.6 ± 0.1 wt%, 95% c.l., n = 5) are all in agreement with published values for these reference materials of 1.20 ± 0.11 wt% (Black et al., 2004) , 0.98 ± 0.01 wt% (Black et al., 2004) and 0.695 wt% (Wiedenbeck et al., 2004) , respectively. Samples G01/36 (1.4 ± 0.1 wt%, 95% c.l., n = 3) and G97/18 (1.6 ± 0.1 wt%, 95% c.l., n = 18) contain similar HfO 2 abundances to reference materials (FC1 and Temora-2) demonstrating that corrections for variations in instrumental mass fractionation (IMF) resulting from large variations in Hf content (Eiler et al., 1997a) were not necessary. A more comprehensive test of the sensitivity of oxygen isotopic IMF to matrix effects in SHRIMP II was presented by Ickert et al. (2008) .
Hafnium isotopic analysis with LA-MC-ICPMS
Zircon hafnium isotopic compositions were determined over three analytical sessions using the RSES ThermoFinnigan Neptune multi-collector ICPMS coupled to a ArF k = 193 nm eximer 'HelEx' laser ablation system following methods described by Harrison et al. (2005) . The laser was focused to a 47 lm diameter circular spot firing at 5 Hz with an energy density at the sample surface of $10 J/ cm 2 . Ta isotopes were simultaneously measured in static-collection mode on 9 Faraday cups with 10 11 X resistors. Amplifier gains were calibrated at the start of each session. A large zircon crystal from the Monastery kimberlite was used to tune the mass spectrometer to optimum sensitivity. Analysis of a gas blank and a suite of secondary reference zircons (Monastery, Mud Tank, 91500, Temora-2 and FC1; Woodhead and Hergt, 2005) was systematically performed after every 10-12 samples. Data were acquired in 1 s integrations over 100 s, but time slices were later cropped to periods maintaining steady 176 Hf/ 177 Hf ratios with 2r uncertainties for each of the 122 reference zircon analyses are presented in Electronic Annex EA-4. No corrections were applied to the data to normalize the measured 176 Hf/ 177 Hf ratios to published solution values. Mass bias was corrected using an exponential law (Russell et al., 1978; Chu et al., 2002; Woodhead et al., 2004 ) and a compositions for 179 Hf/ 177 Hf of 0.732500 . As a quality check of this procedure 178 Hf/ 177 Hf ratios for all zircon reference materials and samples are reported (n = 244). A mean value of 1.467247 ± 88 (2r) lies within uncertainty of values published by Thirlwall and Anczkiewicz (2004) .
Yb and Lu mass bias factors were assumed to be identical and normalized using an exponential correction to a 173 Yb/ 171 Yb ratio of 1.123456 (Thirlwall and Anczkiewicz, 2004) . The intensity of the 176 Hf peak was accurately determined by removing isobaric interferences from 176 
